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ABSTRACT 
In this thesis, the theory of pure vibrational transitions of '^02 trapped in a 
hexagonal close-packed {hep) solid parahydrogen (p-H�）crystal is presented based 
on the first principle. The transitions of O2 in solid p-H� result from the quadrupole 
induced dipole in solid p-H� . Due to the non-zero electronic spin, '^02 in the 
ground electronic state represents the typical Hund's case (b) coupling. The effect 
of Hund's case (b) coupling and crystal field splitting on the pure vibraitonal 
transitions has been investigated. Based on the symmetry properties of '^02 
molecule and hep solid parahydrogen crystal, optical selection rules for pure 
vibrational transitions of in solid parahydrogen are obtained from both group 
theory and angular momentum theory. The energy levels of O2 in solid p-H� are 
calculated from diagonalization of matrix of the Hamiltonian of O2 in hep p-H� 
crystal, thus the transition frequencies are deduced. The intensities of pure 
vibrational transitions are calculated from Boltzman distribution and Racah algebra. 
The preliminary analysis of the experimental high resolution FTIR spectrum of O2 
in solid p-H: based on this theory is also discussed in the end. 
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1.1 Matrix isolation spectroscopy 
Matrix Isolation Spectroscopy studying the spectra of molecules embedded in 
condensed phase, is a useful methodology with various applications. Both stable 
and unstable molecules in cryogenic matrix are subjects for studying the physical 
and chemical properties of molecules in the condensed phase.Conventional rare 
gas matrices such as Ne and Ar have been widely used on account of their inert 
chemical property.�The strong interactions between the embedded species with the 
matrix environment have limited the information obtained in matrix isolation 
spectroscopy. The fast relaxation in the solid state leads to great homogeneous 
broadening of spectral lines. Together with inhomogeneous broadening effect due 
to the variation of micro crystalline environment, the typical spectral linewidth for 
transitions of dopant molecules is usually much broader than the corresponding gas 
phase transitions. The effect of intermolecular interactions on the molecular energy 
levels and rovibrational spectra is obscure as the detailed structure in the spectra is 
washed due to the serious line broadening.^ 
1 
Solid parahydrogen (J=0, 7=0), on the other hand, provides a novel matrix 
material for isolation spectroscopy.^ The molecules embedded in the solid 
parahydrogen exhibit exceedingly sharp linewidths (10-100 MHz),which are one 
or two orders of magnitude narrower than those observed in the conventional 
matrices. To date, the sharpest linewidth reported is 4 MHz (0.0001 cm'') for the 
pure vibrational Q\{0) (v = l < - 0 , J = 0) transition of D2 impurities in P-H2.6 The 
narrow spectral width allows the fine details of spectra to be resolved, which 
makes solid parahydrogen an excellent matrix for high resolution spectroscopy to 
investigate the rovibrational states and dynamics of dopant molecules in the solid 
state.7-9 For example, high resolution infrared absorption spectrum of the v4 
bending mode (full width at half maximum (FWHM) 0.015 cm"') of CD4 in solid 
P-H2 displays the fine rotational structure due to crystal field splitting."* 
Parahydrogen is also a unique cryogenic matrix for studying reaction dynamics of 
small molecules, e.g. photolysis of methyl iodide.'^"" 
The surprising sharp linewidth in solid parahydrogen is a result of exceptional 
spectroscopic properties of solid parahydrogen as a quantum crystal. Since first 
observation of rotational structure in the fundamental band of solid hydrogen by 
All in, Hare, and MacDonald in 1955,丨 2 extensive spectroscopic investigation of 
solid hydrogen has been led. The unusually sharp Wo(0) ( v = 0 , J = 6 < - 0 ) 
transition (HWHM 0.003 cm'') observed by Okumura, Chan and Oka in the 
infrared region'^ inspired the exploration of high resolution spectroscopy of solid 
parahydrogen. A number of small molecular impurities in solid parahydrogen have 
been studied, such as HCl, N2, CO, H2O, CH4 and some radicals like CH]"'丨7 
In order to analyze the high resolution infrared absorption matrix isolation 
spectra, it is necessary to establish the theory of rotational-vibrational motion of 
2 
molecules in solid hydrogen crystal.'^ In this thesis, a quantitative theory of pure 
vibrational transition of O2 isolated in solid parahydrogen has been established to 
serve as a guide for the experimental study in the future. 
1.2 Properties of Molecular Hydrogen: A Review 
H2 forms the simplest yet interesting molecular system of all. It is composed 
of two electrons with opposite spin and two protons with either parallel spin (7=1) 
or opposite spin (7=0). The nuclear spin wavefunctions of the two protons can be 
written as 
1 = 1 M,=\ I脈〉 
1 = 0 M, = 0 7175(1 1 /?a� . 
The /=1 species are also known as orthohydrogen (0-H2) while the 1=0 species 
arc known as parahydrogen (p-H�). The conversion from 7=0 to 7=1 or vice versa 
requires magnetic interactions such as an inhomogeneous magnetic field which 
flips the spin of only one proton (but not both) in the molecule. As discussed later, 
the orlho/para conversion is strictly forbidden by parity considerations under the 
adiabalic approximation. In practice, this conversion is extremely slow as a result 
of small breakdown of the adiabatic approximation. Together with the fact that o-
H2 and P-H2 occupy different rotational levels, they effectively behave as two 
di He rent species that are often referred as nuclear spin modifications. 
Based on the geometric symmetry of H2 molecules with a unique equilibrium 
configuration，the molecular point group can be constructed to symmetrically 
cl:)'^ si(y the electronic states and the rovibrational levels. On the other hand, the 
.ciilur symmetry group (MSG) can also be established based on the 
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permutation and inversion symmetry of the molecular Hamiltonian of H2 molecule 
to label the energy levels of the system. Since the application of MSG in labeling 
energy levels imposes no restriction on molecular geometry, it is therefore widely 
used for systems in which the presence of a unique equilibrium configuration is 
immaterial. 19 
The molecular symmetry group (MSG), as developed independently by 
Longuet-Higgins^® and Hougen^', is the smallest subgroup constructed from the 
complete permutation-inversion (PI) group (containing all possible permutations of 
identical nuclei in the molecule with and without inversion). It is composed of all 
"feasible" permutation-inversion operations of the nuclei. The feasible operations 
are those occurring in the time scale of the experimental conditions. 
Hougen has shown that the MSG of a rigid molecule is isomorphic to the 
corresponding molecular point group constructed from the geometric symmetry of 
the molecule. However, the idea of permutation-inversion is based on more 
rigorous symmetries: the indistinguishability of identical particles and the parity. 
Since the permutation-inversion operations are not based on any particular shape of 
the molecule, the MSG be applied to molecules without well-defined geometry, 
such as nonrigid molecules, which exhibit large-amplitude motions. MSG is 
therefore used to label the rotational levels as discussed later. 
Using the language of Longuet-Higgins, the MSG of the homonuclear 
diatomic molecule, e.g. H2, is composed of four elements, 
M = {£,(12),i5:*,(12)*} (1.1) 
in which E and (12) are the identity and permutation of the two nuclear, 
respectively. The asterisk represents an additional space inversion of the whole 
molecule following the corresponding permutation operation. It is seen that M is 
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identical to the full PI group of the system. TABLE 1 gives the character table of 
M. 
According to the Pauli principle, the permutation of the two protons 
(Fermions with spin 1/2) should change the sign of the total wavefunciton , i.e. 
This implies that 中,must be either Z^ with positive parity or with negative 
parity. Under the Born-Oppenheimer approximation, the total wavefunction 
including nuclear spin is approximated by the product of factor wavefunctions, 
'i', (1.2) 
where subscripts e, v, r and ns denote electronic, vibrational, rotational and nuclear 
spin, respectively. The spatial part is assumed to be completely separated from the 
nuclear spin. Each factor wavefunction in equation (1.2) can be classified 
according to symmetry, and they are combined as above to satisfy the Pauli 
principle. The procedures to classify each factor wavefunction in the MSG have 
been extensively studied. Here we demonstrate this procedure in the case of H2. 
For H2 molecule in the E^ , ground electronic state, electronic wavefunction 
if/^  belongs to the representation which gives {\2)\(/^ = (+1)^,. . Since the 
vibrational wavefunction y/�’ is a function of intemuclear distance r, it is invariant 
under (12) operation, we therefore have (12)^^ = (+1)^,, .The rotational 
wavefunction y/^  is expressed in term of spherical harmonics specified by the polar 
angles of r (the vector connecting the two protons) with respect to the space-fixed 
frame. It can be shown that for a rotational wavefunction y/^  with rotational 
5 
TABLE 1 Character table of the molecular symmetry group M of H2 
M E ^ E ^ (12)* 
^ 1 1 i 1 
2： 1 - 1 1 - 1 
1 1 - 1 - 1 
1 - 1 - 1 1 
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quantum number J, {\2)y/^ = ( - l ) V r . For y/似 expressed before, it can be seen that 
the operation (12) introduces a factor +1 for 7=1 states and -1 for 7=0 state. 
Based on the classification of the factor wavefunction obtained above, 
(12)^, = {\2)[y/,-If/,-y/, = ^ e ^ v ' 0 = (-1)4^,. (1.3) 
To satisfy this requirement, only rotational levels with odd J are allowed for 
nuclear spin 7=1, while only rotational levels with even J are allowed for nuclear 
spin 7=0. Since there are 27+1 allowed Mj states for each I value, the I=\ hydrogen 
should be three times as abundant as 7=0 hydrogen at the high temperature limit. It 
is a convention to call the more abundant nuclear spin modification ortho and the 
less abundant one para. In other words, orthohydrogen is the species with odd J 
and 7=1 whereas parahydrogen is the species with even J and 7=0. 
Without an external magnetic field, the ortho/para conversion is strictly 
forbidden under the adiabatic approximation since ortho/para species are of 
different parity while intramolecular magnetic interactions are always of positive 
parity. In fact, only an extremely slow conversion (months at normal temperature) 
arises from the breakdown of the adiabatic approximation, which mixes electronic 
states with different parity. The slow spin conversion implies that the ortho/para 
ratio in the high temperature limit remains the same at low temperature, and 0-H2 
is a metastable species even at T > 0 because the transition from the J=\ state to 
the J=0 state is negligible. However, the conversion can be catalyzed by a 
paramagnetic material (e.g. CrOa, NiSiOs), which provides an inhomogeneous 
magnetic field. Since the J=\ 0-H2 has about 120 cm'' higher energy than the J=0 
P-H2, the concentration of 0-H2 can be reduced to less than 0.05% by using an 
ortho-para converter operated at 13.8 K to produce highly pure (99.95%) 
7 
For J=0 H2 molecules, the corresponding rotational wavefunction is spherical 
symmetric so there is no permanent multipole moment of any order. 
1.3 Unique properties of solid hydrogen 
Solid hydrogen has two crystal structures: face-centered cubic (fee) and 
hexagonal close-packed (hep) structures (Figure 1). When hydrogen is condensed 
from liquid to solid, the hep structure is usually obtained. The molecules in the 
solid are held together mainly by long range isotropic dispersion interactions. The 
dominant anisotropic interaction among molecules is the electrostatic quadmpole-
quadmpole (EQQ) interaction. The combination of small molecular mass, small 
molecular size (the intemuclear distance of H2 is 0.741 A), large intermolecular 
separation (the nearest neighbor distance Ro is 3.793 A), and weak intermolecular 
• 23 
interaction gives rise to a variety of remarkable properties of solid hydrogen. 
Due to small molecular size and large intermolecular separations, H2 
molecules are only slightly perturbed in the solid state to have nearly free rotation 
and vibration in the solid states even at very low temperature, as indicated by 
numerous spectroscopic studies.24 On the other hand, the small molecular mass and 
weak intermolecular interactions give rise to the exceedingly large amplitude of the 
zero-point lattice vibration. So solid hydrogen can be considered as an assembly of 
molecules translationally localized with a relative large lattice motion, but still free 
to rotate and vibrate quite independently. Rotational diffusion is another interesting 
quantum phenomenon due to resonance exchange of ortho/para hydrogen that is 
responsible for the equilibrium of spatial distribution of ortho and para hydrogen at 
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Figure 1 Crystal structures of solid hydrogen: (a) face-centered cubic and (b) 
hexagonal close-packed. 
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well reviewed by Silvera.^^ 
The rotation-vibration transitions in solid hydrogen are ascribed to many-body 
radiative interactions. The multipole moments of each hydrogen molecules induces 
coherent dipole moments in the surrounding molecules and these dipole moments 
cause the absorption of photon through many-body radiation. Since the observation 
of very sharp pure rotational transition Wo(0)25，many infrared and raman spectral 
lines of solid hydrogen have been observed with high resolution laser 
spectroscopy?^ This high resolution spectra provide valuable information to study 
the details of intermolecular and crystal-field interactions. These properties can 
also be calculated from first principle with high precision. 
Solid parahydrogen is also widely applied in matrix isolation spectroscopy for 
studying the rovibrational dynamics of small dopant molecules in condensed phase. 
The J= 0 P-H2 molecules are spherically symmetric in charge distribution without 
multipole moments, which gives rise to a nearly isotropic crystal environment. On 
the other hand, owing to large intermolecular distance, solid parahydrogen 
provides ample space for guest molecules to have rotation and vibration. Because 
of the weak interactions between guest molecules and surrounding host molecules， 
the lifetimes of rovibrational excited states of the guest molecule in solid 
parahydrogen are prolonged to give rise to the sharpness of the spectral transitions 
observed in solid parahydrogen. Moreover, crystal defects around the guest 
molecules are expected to automatically repair themselves quickly. This may be 
ascribed to the large amplitude of zero-point lattice vibration of hydrogen 
molecules. This self-repairing nature of the quantum crystal makes the 
environment around each guest molecules mostly identical to minimize the 
inhomogeneous broadening."^ As a consequence, the rovibrational motion of guest 
10 
molecules as well as the host-guest interactions are more observable in the spectra 
of solid hydrogen. The theoretical quantitative prediction and interpretation are 




Quantitative interpretation of the rovibrational spectrum of molecules isolated 
in solid hydrogen requires the knowledge of rovibrational levels and energies, 
selection rules and transition dipole moments in the matrix environment. These 
quantities are modified from the gas phase case due to intermolecular interactions 
in the solid state. The main interactions are the long range electrostatic interactions, 
also known as the van der Waals interactions. In dealing with the solid state 
perturbation due to van der Waals interactions, a common approach is to first 
elucidate the effect of a pair of molecules, followed by an appropriate lattice sum 
with symmetry considerations. In this chapter, a brief review of the background 
knowledge that is related to our theoretical study is presented. 
2.1 Multipole moments of molecules 
Due to the absence of net charge and dipole moment in H2 molecules, the 
main interactions in the environment of solid hydrogen are mulitpolar interactions 
among molecules. The multipole moment arises from the non-spherical charge 
distribution in the molecules.^^ By considering the electric potential in the 
surrounding of a given charge distribution, one may express the overall effect by 
summing the effects of different multipole moments. In spherical coordinates, the 
12 
electric potential <^ (R) at a position vector R from an arbitrary charge distribution 
at the origin can be expressed in terms of a multipole expansion,^^ 
(2.1) 
1=0 m=-l ^ 
where 
a . = (2.2) 
• 
Here p(re) is the charge density coordinate re=(re，0，(f) from the origin, and QmiO, 
if) are the Racah spherical harmonics. The 2/+1 quantities Qim are spherical 
components of the multipole moment of order I, It is also possible to express 
equation (2.1) in Cartesian coordinates but using spherical coordinates is more 
convenient in the later discussion. 
For homonuclear diatomic molecule like H2 and O2，the inversion symmetry 
requires that all the non-vanishing multipole moments must be of even order. This 
is illustrated by the fact that the inversion introduces a phase factor (-1), for 
multipole moment Qin, of the molecule while leaves the system unchanged due to 
inversion symmetry. Both conditions are satisfied when I is even, i.e. 
Furthermore, the axial symmetry requires that there is only one nonvanishing 
independent component for each non-vanishing multipole Q � of order I with 
respect to the molecular-fixed x'y'z' frame (MF frame) with the z' axis along the 
molecular axis. Expressing in the x'y'z' frame, it corresponds to the 2'/o component 
with the form 
2/0 = = \p{xyM^ose')dv,三 Q,{r) (2.3) 
J V 
where re=(re，(p') is the coordinate of charge in the molecular fixed (MF) frame 
and r is the intemuclear distance of the molecule. If the MF frame is obtained by a 
13 
rotation R=(a’ /?, 7) from a space-fixed (xyz) frame, the values of Qim in these two 
reference frames will be related by a rotation matrix D�（a , 7), 
2 / 厂 纪 丨 ( A A R ) * 2 ; � ( 2 . 4 ) 
where (S and a are the polar angles of r in the xyz frame. The expectation values of 
Qix) over the adiabatic electronic wavefunctions for hydrogens have been 
calculated from the first principle for various intemuclear distances.^^"^^ 
2.2 Polarizability 
When an electric field E is applied to a charge distribution of the molecule, 
additional moments are induced as a result of re-distribution of the charge. The 
lowest order moment induced is the dipole ji’ which is proportional to the electric 
field by the polarizability tensor, 
丨入 r)E 丨 ( 2 . 5 ) 
ij 
where i and j are the indices for Cartesian components. Since the polarizability 
tensor is symmetric, its Cartesian components satisfy the relation a,)二ofy,. Obviously 
Of is a function of intemuclear distance r. If the MF frame is used, again the axial 
symmetry requires 
^x'x' = =仅丄(广)， 
and 
In practice, isotropic polarizability a{r) = [2a^{r)^-a^^{r)\l2> and anisotropic 
polarizability y{r) = [0^ ||(厂)一«丄0*)] are often used instead?� 
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If polarizability a is expressed in the form of spherical tensors with respect to 
the MF frame, the two nonvanishing quantities will be 
These relations can be obtained by considering the transformation of a second-rank 
Cartesian tensor under rotation. Ab initio calculations of the adiabatic elements of 
a(r) and -/{r) for hydrogens have been extensively studied.� ' 
2.3 Pair intermolecular potential 
The energy of a system of two diatomic molecules can be expressed in terms 
of intra- and intermolecular parts. The intermolecular potential energy is usually 
divided into a long-range attractive, an intermediate, and a short-range repulsive 
part corresponding to large, intermediate, and small values of the intermolecular 
separation R ? ’ � � w h e n the separation of two molecules is infinite, the 
intermolecular interaction vanishes. When their separation is close enough that 
nuclei from molecule 1 have significant influence on the motions of electrons from 
molecule 2 and vice versa, the interactions are of chemical nature. An extreme case 
is that the separations between particles are too close to assign a given electron to a 
defined molecule. 
Here we only discuss the long-range interaction belonging to the region where 
the electron clouds of the two molecules have no effective overlap, in which the 
total energy Etot of the system can be well-represented by the energy of individual 
molecules and intermolecular energy, with the later small enough to be treated as 
perturbation of the former. This situation corresponding to the case where 
molecular size is much smaller than intermolecular separation such as molecules in 
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solid P-H2. The main interactions involved in this case are the Coulomb 
interactions between all the nuclei and electrons, which are the functions of the 
coordinates of all the particles. The standard set of variables is the set 
Jf =(广1，/«2,《，约，么7?) shown in Figure The intermolecular axis R=Ri2 
connects the midpoints between the two nuclei in the two molecules, and 
卢=么一钱.It is often convenient to use <l\ and separately and to denote the 
orientations of the molecules relative to a frame with z axis along R by y^, = 
and =(约，<2^ 2). The corresponding quantities relative to an arbitrary space-fixed 
frame are denoted by Qi and ，and the orientation of R in this frame by 
The total energy Etot, can therefore appear in three equivalent forms 
E丨。丨(X) = Eio, (R, = (R,，R� ,Q” ， 及 ， ( 2 . 6 ) 
When R is large enough (00), Etot is equal to the sum of the energies of the two free 
molecules, £ • � � and fi"�⑷： 
Then the intermolecular potential V(X) is defined as 
V(X) can be decomposed into isotropic and anisotropic parts. The former 
corresponds to the terms with only dependence on intermolecular separations. The 
latter, however, arises from angle-dependence of the interactions, i.e. terms that are 
functions of co，s. 
V{X) = V,{R) + A{co,,co,,R) (2.7) 
We mainly emphasize the orientation dependence of potential. The anisotropic 
parts which may be further decomposed into single-molecule and coupling terms 
by writing 
16 
Figure 2 The standard set of variables for a pair of diatomic molecules 
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, 6)2) = 4 Oi) + A (^2) + A (畔,① 2) (2.8) 
The long-range interactions between two molecules mainly come from the 
electrostatic interaction of the multipole moment of one molecule in the electric 
field generated by the multipole moments of the other molecule. In general the 
interaction energy between two axial multipoles of order h and h conforms the 
max-/ rule and is given by^^ 
厂 =〜工 C ( J � J ” ! � ( 2 . 9 ) 
m 
r -i|/2 
where s.. =(-1)'^ � + 2 • ！ The coefficient is 
the Clebsch-Gordan (CG) coefficient. The total Coulomb interaction, Vc, between 
the molecules, which may be grouped by their dependence on intermolecular 
separation R (shown in the square brackets)as given below 
+ + [及-5] + ... (2.10) 
The energy due to Vc can be evaluated using perturbation theory. In a 
simplified notation the perturbation in the ground state energy of a pair of 
molecules is given by 
, � ^ (rsK^ OOV 
rs ^rs 一 ^ 0 0 
where r and s refer to the excited states of molecules 1 and 2, respectively.五„= 
e^(ri)+ Ssisi) and Eoo= eo(ri)+ eo(r2) represent the total unperturbed energies of the 
molecules in the excited and ground states, respectively. 
The first term in equation (2.11), representing the first-order correction in 
energy, is nonzero when the molecules have permanent multipole moments. It 
contributes to the permanent multipole-multipole part of the van der Waals 
18 
interactions. In the case of O2 in solid H2, the leading part is the electric 
quadrupole-quadrupole interaction varying as R'^ The second term arising from 
the second-order correction of Vc, contributes to the induction and dispersion 
interactions of the van der Waals interactions. Terms with either r=0 or s=0 
describe the polarization of one molecule by the field of the permanent multipole 
moments of the other molecule. It is also known as the permanent multipole-
induced interactions. The corresponding energy, the induction energy, may be 
written as a product of polarizability a and field intensity E，in the form of 
1 2 
--a{E) . The most dominant term for O2 in p-Uj matrix is the quadrupole-
induced dipole effect varing with R ' l Finally, the terms with both r and s^O yield 
the dispersion energy due to the fluctuating multipole fields. It is also known as the 
induced multipole-induced multipole interactions, or dispersion interaction (also 
known as London force) for the similarity of its energy expression compared to the 
dispersion effect in light. It should be noted that dispersion energy is always 
present even for molecules without permanent dipole moment. The leading term in 
dispersion energy is the dipole-dipole term varying with R"^ . While the dipole-
dipole interaction operator involves spherical operators of rank 1, the second-order 
effect can be expressed as spherical operators of rank 0, 1 or 2 based on the theory 
of angular momentum coupling in quantum mechanics. This accounts for the fact 
that the dispersion energy term with R'^ dependence corresponds to a spherical 
operator of rank 2. 
In the case of solid parahydrogen at cryogenic temperature, there is no 
permanent multipole moment as the rotational wavefunction is spherical symmetric 
in the J=0 ground state.�� The long-range dispersion and induction interactions 
therefore contribute to the intermolecular potential when the short- and 
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intermediate-range interactions can be ignored. The main contribution is isotropic 
due to the strong dependence on the intermolecular separation. In principle both 
isotropic and anisotropic parameters can be calculated by high level ab initio 
approach. Nevertheless, extensive calculations have only be performed for pairs of 
simple molecules, such as H2-H2, He-H2, etc. 
2.4 Multipole induced transitions 
The rotational-vibrational transitions of homonuclear diatomic molecules, e.g. 
H2, in the gas phase and normal pressure, are forbidden because of the absence of 
dipole moment. As the intermolecular separations become shorter in the high 
pressure regime, dipole moments are induced via intermolecular multipole-induced 
m e c h a n i s m . 3 3 Depending on the form of the multipole-induced dipole, infrared 
transitions with different selection rules can occur The induced mechanism also 
applies to the condensed phases such as liquid and solid. Van Kranendonk^® was 
the first to extend the idea for high pressure gas to the condensed phase matter 
when interpreting the spectrum of solid hydrogen. This theoretical framework 
provides qualitative as well as quantitative understanding of the induced features. 
In the following, a brief discussion of multipole-induced dipole mechanism is 
given. More detailed accounts can be found in a number of excellent reviews.^ " '^^ ^ 
According to electrostatic theory, the spherical component v of the electric 
field E at R=(R, fl) produced by the multipole moment g � is expressed^^'^^ 
= + + + (2.12) 
m R 
where defined in equation (2.2) represents the multipole moment of molecule 
1. The dipole moment induced by this electric field in a molecule p located at Rp 
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from molecule 1 with isotropic polarizability a(r) and anisotropic polarizability y{r) 
is then 
/UR�二c^AO五乂Rp)-"^K/0ZC(211;/^，v- / / ’v )Q“Q�£ ,_ , (R� .（2 .13) 
^ // 
If molecule 1 is surrounded by N molecules, the total induced dipole moment 
due to the multipole g…of molecule 1 is evaluated by summing equation (2.13) 
over all pairs, i. e. 
"r�=i/uRp). (2.14). 
p=2 
The contribution of isotropic polarizability a(r) to equation (2.14) has the form 
乂 五 “ R � (2.15) 
p=2 
and the contribution of anistropic polarizability y{r) has the form 
乂 1] = — 孕 八 r )ZC(211;//，v- / / ,v)C2, (CV£—,(R� .（2.16) 
P=2 3 FJ 
Isotropic and anisotropic polarizabilities give rise to transitions with different 
selection rules as discussed below. 
Since the induced dipole moment is a property of the bi-molecular system, it 
will give rise to transitions of one molecule (i.e. single transitions) or both 
molecules (i.e. double transitions). In addition, the R dependence of the induced 
dipole also gives rise to simultaneous transitions of molecules and lattice vibrations 
(phonons). These transitions are known as phonon branches as compared to zero-
phonon transitions that involve no change in lattice vibrations. 
Zero-phonon single transitions arise when the central molecule is excited 
through the vibrational and/or rotational dependence of the multipole moment g… 
as a result of the induced dipole on the surrounding molecules interacting with the 
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radiation field. In this respect, the surrounding molecules provide an antenna effect 
for the excitation of the central molecule through a many-body radiation effect. It 
should be noted that the dipoles which are coherently induced on all the 
surrounding molecules have the same phase. As a result, the lattice sum for dipole 
moments of single transitions is greatly affected by the symmetry properties of the 
crystal. For instance, the induced dipole moments are always equal in magnitude 
but opposite in direction for molecules diametrically opposite the central multipole 
moment. In other words, crystals with an inversion center (e.g. face-centered cubic, 
fee) exhibit no single transition because the induced dipole moments are all 
cancelled out. This interesting phenomenon of the above mechanism is called 
"cancellation effect,，.3�’38 For a hexagonal close-packed (hep) structure, on the 
other hand, the absence of inversion center allows a net induced dipole moment on 
the surrounding molecules to exhibit single transitions. In this thesis, only single 
transitions are considered. 
Double transitions arise from simultaneously excitation of two molecules by 
absorbing a photon. X � + Q type double transitions occur through the vibrational 
dependence of a(r) of the surrounding molecules and the rotational and/or 
vibrational dependence of Q(0 of the central molecules. X(n+S type transitions are 
due to 7(r), since the anisotropic polarizability is a second-rank spherical tensor 
and causes AJ=2 transitions. Unlike the case of single transitions, there is no 
cancellation effect in double t r ans i t i ons ,because the induced dipole moment in 
the surrounding molecule is the property of the pair molecules. So the double 
transitions happen in both fee and hep structures. 
Pure vibrational transitions are forbidden for gas phase molecules in the J=0 
state due to conservation of angular momentum. In the solid state，however, it may 
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occur through the multipole-induced dipole mechanism.^^ In this case, it is actually 
a double transition involving the vibrational excitation of the surrounding molecule 
(with J=0) through the vibrational dependence of a accompanied by an 
orientational change of the central multipole moment to take care of the 
requirement by angular momentum. In pure solid parahydrogen, the pure 
vibrational transitions are strictly forbidden because of the absence of permanent 
multipole moment in the J=0 state. The pure vibrational excitation of J=0 
molecules becomes observable only in the presence of a small amount of 0-H2 in 
the J=1 state. 
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CHAPTER 3 
Theory of Matrix Isolated O2 in 
Solid Parahydrogen 
3.1 Structural properties of 
As one of the simplest molecules, structural properties of O2 have been 
extensively studied by numerous theorists"^ ®"^ ^ and experimentalists'^'^"^^. The 
quantum mechanical treatments of the rovibraitonal energy levels of O2 have been 
well documented. A brief review of symmetry properties and energies of the 
rovibrational wavefunctions related to our study is given here. 
3.1.1 Group theoretical treatment 
Similar to other homonuclear diatomic molecules such as H2，the molecular 
symmetry group of O2 molecule is composed of four elements 
M = {£，(12)，J5'，(12/}， 
with the corresponding character table shown in TABLE 1. Unlike the case of H2 
with two Fermionic nuclei, O2 is composed of two Bosonic nuclei with spin 7=0. 
As a result, the Pauli principle requires that the total wavefunction of O2 must be 
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symmetric to the permutation of the two ^^ O nuclei. It means that and are 
the appropriate irreducible representations for the total wavefunction. Since the 
ground electronic state of O2 is X ^YT^ with zero total electronic orbital angular 
momentum but two unpaired electrons to give total electron spin The 
coupling between electron spin with the nuclear rotational angular momentum, 
well known as the Hund's case (b) coupling, splits rovibrational level into a 
triplet.42 
The classification of the rovibrational levels can be carried out based on the 
same procedure discussed in Chapter 1. Under Bom-Oppenheimer approximation, 
the total wavefunction including nuclear spin is written as the product of factor 
wavefunctions as shown below 
For 16O2 molecules in the ground electronic state, the electronic wavefunction 
o 
K changes sign under the (12) operation, i.e. ( 12 )%=( -1 )%. The vibrational 
wavefunction ，a s usual for diatomic molecules, is invariant under (12) 
operation, i.e. (12)^^ 广 For the rotational wavefunction y/^  with rotational 
quantum number N under (12) operation, a phase factor (-1)" is introduced, i.e. 
(12)^^ Since the nuclear spin wavefunction is always symmetric for 
molecules with zero nuclear spin, the requirement from the Pauli principle on the 
total wavefunction can be simplified to 
(12)4^ = (12)[k . H ] = (-1 广平,= ( + 1 ) %. 
For the equation above to be true, N has to be odd. In other words, only rotational 
levels with odd N are allowed while the levels with even N are all forbidden. 
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3.1.2 Rovibrational wavefunctions and energies 
Various sources of angular momenta in molecular systems such as electron 
spin, electronic orbital motion, molecular rotation, and vibrational motion (in case 
of degenerate vibrations) to give the total angular momentum J " The general 
angular momentum coupling scheme for diatomic molecules can be expressed: 
J=L+S+R. 
Since spin S does not involve spatial movement, it is common to define the total 
angular momentum apart from spin, N, which corresponds to the sum of J? and A. 
In the case of molecules in the ground electronic state, the orbital 
angular momentum L has no projection along the molecular axis. As a result, the 
nonzero electronic spin couples with the rotational angular momentum to split the 
rovibrational l e v e l s . The angular momenta N and S form /，the total angular 
momentum including spin. From the principle of vector addition and we 
have48 
J = N + S,N + S八…入N-S. 
The eigenftinctions | NSJMj) of the total angular momentum J can be obtained 
from angular momentum coupling."*^ The angular momenta iV and 5 are 
independent quantities referring to space and spin motions, respectively. Their 
corresponding eigenfunctions can be expressed in the terms \ N M n � a n d |5Ms〉， 
respectively. The eigenfunctions | NSJM,) of the total angular momentum J are 
then expressed as 
NSJMj)= X CiNSJ;M,M,Mj)\NM,)\SM,). (3.1) 
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The coefficients C{NSJ\M^M^M,) are Clebsch-Gordan (CG) coefficients. States 
with different J values represent different relative orientations oiN and S. It can be 
easily checked that there are an equal number of coupled kets with the uncoupled 
N+S 
ones, that is [ ( 2 J + 1 ) 二 ( 2 1 ) ( 2 < S + 1 ) . 
.J=\N-S\ 
Due to the absence of A in the ground electronic state of O2 molecules, 
rotational angular momentum R, which is perpendicular to the molecular axis, is 
equal to N. The coupling of S to the intemuclear axis is therefore zero or weak, 
known as the Hund's case (b) (given in Figure 3) coupling scheme.^? Since S=l in 
this case, the coupling of iV and S gives three states with J=N+l, NovN-l. These 
states have slightly different energy due to the effect of spin-rotation and spin-spin 
interactions. As a result, each N level splits into triplet after considering the higher 
order interactions. It should be notice that for a given TV value, the energy levels do 
not lie in the order of their J values. In the case of states with S > 1, an additional 
contribution to the splitting is provided by the spin-spin interaction."^^ To determine 
the eigenenergies, the Hamiltonian of Hund's case (b) is expressed as，。 
H = BN' + -S') (3.2) 
where Sz is the component of 5 along the molecular axis. The first term represents 
the end-over-end rotational energy of the molecule; the second, the electron spin-
molecular rotation interaction; and the last, the electron spin-spin interaction. The 
spin-rotation interactions account for the energy of the magnetic dipole due to 
electron spin in a magnetic field produced by molecular rotation. Similarly, the 
spin-spin interactions account for the energy of the magnetic dipole due to electron 
spin in a magnetic field produced by the spin of other electrons. In other words, the 
second and third terms in equation (3.2) represent magnetic interactions. 
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Figure 3 Vector diagram for Hund's case (b) 
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If centrifugal-distortion effects are considered for the terms in B and jj. in 
equation (3.2)，then the Hamiltonian has the form^® 
H = + - S + - S ^ ) . (3.3) 
The rotational energies can then be obtained by the diagonalization of the 
Hamiltonian in equation (3.3). Using the standard spherical tensor operators 
approach, the diagonal and off-diagonal matrix elements in the \NSJMj) basis can 
be evaluated.5G 
�N�S�RM/\H\NSJM,丨、 
={B,N{N + 1 ) + (N +1)2 + J V + 1 ) — NIN + 1 ) - S{S +1)] + 
1 (3.4) 
+ \)[J{J +1) - N{N +1) - S{S +1)]}么,〜〜’ 
+ 2 (昏广广 . +‘卞：’【 } ( " , |叫 |布 , 
The reduced matrix elements associated with ("’||C2||iV), yields a nonzero 
value only for matrix elements diagonal or off diagonal by 2 in the rotational 
quantum number N. In these two cases, X may be expanded as shown below. 
；l = ^ + + for N 二 N， (了 5) 
= + + for N = J - \ and N' = J + \ ‘ 
The corresponding constants in equation (3.4) and (3.5) are reproduced in TABLE 
2.45 
We only consider the mixing between different rotational states. To calculate 
the energies of triplet with N=\ as an example, by applying equations (3.4) and 
(3.5) we can set up a 6x6 Hamiltonian matrix for diagonalization since the N=\ 
levels only mix with the N=2> levels. And the eigenvalues are the corresponding 
energies of the triplet levels. 
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CDeYe 4 . 7 4 7 x 1 0 - 2 




人 1 " 1 . 9 5 0 7 ( 7 ) X 1 0 - 6 
i V -8.42536(3) X10-3 
…" -8.24(3)X10-9 
BO' 1 . 4 2 1 8 8 ( 1 ) 
B,' -4.966x10"^ 
V 1.989586(4) 
？ 2 . 0 8 � xlO-6 
iV -8.4486(4) X10-3 
-8.4X10_9 
(Double prime “ and single prime ’are used to label the ground vibrational 
state and the v=l vibrational excited state, respectively. The number in parentheses 
is the uncertainty in the last digit that corresponding to one standard d e v i a t i o n ， ） 
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3.2 02 isolated in hep crystal field of parahydrogen 
The theory of O2 isolated in hep crystal field of parahydrogen is based on 
several fundamental assumptions. A static and perfect hep parahydrogen crystal 
environment is supposed and the O2 molecule is well isolated by the surrounding 
P-H2 molecules. The free vibrational and rotational motion of O2 molecule is also 
assumed. Under these reasonable assumptions, we first give a qualitative analysis 
based on group theory for matrix isolated molecules. Then the quantitative 
calculations are applied to give the results of crystal field splitting and pure 
vibrational transitions. 
3.2.1 Group theory 
Unlike molecules in free space, m a t r i x - i s o l a t e d molecules are in an 
environment of finite symmetry. Since the spatial isotropy is removed by the finite 
symmetry of the crystal environment, molecule embedded in solid matrix will 
exhibit different energy depending on its orientation. In other words, the M 
degeneracy in each J manifold of a molecule will be removed according to the 
symmetry of the crystal environment. The qualitative discussion of the splitting 
and selection rules depends on the symmetry of the molecule as well as that of the 
crystal. From Hougen's^' and Longuet-Higgins's^^ theory of permutation-inversion 
groups, Miller and Decius developed the group theory for matrix isolated 
molecules.^' An extended group G is constructed including both molecular and 
crystal symmetry. In constructing extended group G from the molecular symmetry 
group M and the crystal symmetry group S，only the pure permutations (P for 
short) in M combine with the pure permutations (i.e. pure rotations) in S, and the 
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permutation-inversions (P* for short) in M combine with the permutation-
inversions (i.e. operations involving reflection) in S. It is done this way because the 
inversion operation in G inverts the spatial coordinates of all particles in the system, 
not only those of molecules or those of the crystal whereas by convention only the 
effect of inversion on the molecule and the crystal are considered, respectively, for 
the permutation-inversion operations in M and S. This situation was demonstrated 
clearly by Miller and Decius. In the following we illustrate the construction of 
extended group G for O2 in hep p-H� crystal. 
The molecular symmetry group M of an O2 molecule is composed of four 
elements as discussed before. We follow the convention of Miller and Decius^ ^  to 
use permutation-inversion group notation with overbars for operations in M • 
Operations l and (12) form the group M(P)，a subgroup of M . Similarly, 
subgroup is composed of operations 五 * and (12)*. The point group S of 
solid H2 with the hep structure is Dsh, 
where the symbol of operation is written in the standard point group notation. It 
should be noted that each H2 molecule in the crystal is treated as point mass with 
no internal structure. The appropriate extended group G for an O2 molecule 
embedded in a hep crystal is composed of the "feasible" operations in the direct 
product group of M and S. 
_ j EE, 2C3 E, SQ E, £(12), 2C3 (f2), 3C2 (12), � 
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In general G is not simply S x M because permutation (P) operations from S 
do not combine with permutation-inversion (P*) operations from M and vice versa. 
In this case, M is a direct product group in the form of M = M ( ? ) x | £ , z j . Then 
G can be write as a direct group G二••SVM'CP) where�S、三 S and 
'M'(/ ' ) = M(P) ( s means isomorphic to). Operations in 'M\P) are products of 
E in S with an operation in M{P). 
= + in which operations in 'S\P) are products of 五 in M with 
an operation in S(F), and operations in are products of i in M with an 
operation in S{P*). 
The character table of extended group G can now be found from those of S and 
M{P) and the symmetry species are the feasible products of those in S and M . G 
is composed of 24 elements and is isomorphic to Dsh. TABLE 3 lists the 
character table of group G. The symmetry classifications of the crystal-fixed 
components of the dipole moment \i and the polarizability tensor a are also given 
in TABLE 3. 
For determining the symmetry representations of the rotational levels, we 
consider the transformation properties of polar angles (0，(p) under symmetry 
species in G and their effects on rotational wavefunctions. For example, the 
operation C^E of extended group G can be interpreted as a C3 rotation of the 

















































































































































































































































































































of Miller and Decius,^^ we fix the crystal in space and define C^E to be 
a C3-1 rotation of the molecule about crystal-fixed axes together with an E 
operation. Hence, the operation C^E changes the polar angles ((9,^) to (<9,— 2;r /3). 
The transformation of the rotational wavefunction follows the 
relationships below. 
( I ^ ) | " , M " � = (_1)"|A^M"〉， 
(：：3|7^，从"〉=严’爲〉， （3.7) 
C2|"，M"�= (-1)^ "|A -^M"〉， 
•，似"〉二(-1 广卞，M"�. 
Using these relations, the irreducible representations of the state \ N M n � c a n 
be determined according to the character table. The results are listed in TABLE 4. 
Since states \ and \ N,-Mn) transform to each other under the operations in 
G, the symmetric and antisymmetric combinations of them are used to adapt the 
required symmetry under C2 operation. It can be deduced from TABLE 3 and 
TABLE 4 that the pure vibrational transitions corresponding to the N=\ state have 
only one infrared active component with |MA^|=1<1. Group considerations 
provide rigorous yet qualitative results without going through lengthy mathematics. 
On the other hand, the same selection rules can also be obtained using angular 
momentum coupling as discussed in later sections. 
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TABLE 4 Classification of rotational wavefunctions in group G 
Rotational quantum number Symmetry 
Neven s 
Nodd a 
" e v e n sA\ 
TV odd aA:l 
场右0 MN=6n AI'+A2' 
M/v=6n±l 五" 
Mn =6n 士 2 E 
MA =^6n 士 3 ^ r ' W 
Mn =6n土4 E 
M"=6n 土 5 E” 
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3.2.2 Crystal field splitting 
The splitting of Mj levels in each J manifold in solid p-H2 arises mainly from 
anisotropic intermolecular interactions (i.e. anisotropic van der Waals interactions) 
and spatial anisotropy of the crystal environment. Quantitative computation of the 
crystal field splitting can therefore be carried out by considering the pair 
interaction of a central O2 molecule and a P-H2 molecule followed by a lattice sum 
over all surrounding P-H2 molecules in the crystal. The pair interaction can be 
treated using the theory of multipolar interactions as discussed in the previous 
chapter. 
The general anisotropic pair interaction between the central O2 molecule 
(labeled as 1) and a neighboring p-H� molecule (labeled as 2) in the ground 
rotational state (J=0) is expressed as^ ^ 
y ( 艮 碍 爲 ) = z (3.8) 
/|’/2,m 
where R is the separation between the molecules and co^  and coj stand for the polar 
angles with respect to the pair axis, the coefficient is the expansion coefficient 
which is a function of intermolecular separation R only, and Qm is the Racah 
spherical harmonics as discussed previously. The inversion symmetry of H2 and O2 
molecules requires I] and h to be even integers. Since H2 in the J=0 state has 
spherically symmetric rotational wavefunction, multipole moment of any order 
vanishes. In other words, terms in equation (3.8) give nonvanishing matrix 
elements only when h = m = 0, thus the explicit expansion for anisotropic 
interaction is reduced as 
V{R,co)= X AooWC^o(^) (3.9) 
/ = 0 , 2 , 4 " . 
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after dropping the index for the O2 molecule. The term with /=0 has no angular 
dependence and thus is absorbed in the vibrational energy shift. The two lowest 
order terms can then be written 
厂 ⑷ = Z i ^ � � + S 告 C 4 � � （3.10) 
The R-6 term is from induced dipole-induced dipole dispersion and only contributes 
to €20(0)) term. R'^  and R'丨�terms are from higher order dispersion, also from 
induction in which the lowest one is quadrupolar induction varying with R'^. 
Higher order (n>10) terms with R"" dependence are not taken into account because 
of very small contributions. 
Now a crystal-fixed XYZ frame (Figure 4) is introduced with the origin at the 
center of a substituted O2 molecule and Z axis along the hexagonal axis, then 
equation (3.10) is rewritten 
V{Q)= I X ( 3 . 1 1 ) 
n=6,8.10 m 尺 w=8,10 ni 八 
Here Q\ is the orientation of axis of molecule 1 (O2) and Qk is the polar angle of 
the center of molecule k (H2). After a lattice sum over all the surrounding H2 
molecules, the crystal field potential is rewritten 
rt=6,8,10 m k ^k "=8.10 m k ^k 
The prime on E indicates that the term k=l should be excluded. Due to the 
symmetry of hep crystal, the crystal field potential must be invariant under all the 
operations in the extended group G. In other words, the lattice sum 1' part is 
nonvanshing in the hep crystal. For example , the C3 rotation leaves the 






Figure 4 Crystal fixed XYZ coordinate system 
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C3 rotation. So the lattice sum is nonzero only when m is multiple of 3 due to the 
relationship 
2nim 
Similarly, the invariance under horizontal reflection requires 2+m and 4+m to be 
even due to the relationship 
As a result, only m=0 is satisfactory to give a nonzero crystal sum and contribute 
to . We can rewrite the anisotropic crystal field potential in the form of 
with= X I^'c^ rQoCQ.)；�=Z 
w=6.8.10 八0 k k^ "=8.10 ^ k � 
after dropping the index for O2 molecule. Here Ro is the is the nearest neighbor 
distance (3.793 A) and the summation over k is defined as a dimensionless lattice 
sum. 
Since the pair potential parameters bp and Cn in equation (3.10) are not 
available either theoretically or experimentally, the values of s,^  (/=2,4) can not be 
determined theoretically even with the expression given in equation (3.13). In 
principle, they may be deduced from the ab initio intermolecular potential between 
O2 and H2, which has yet to be investigated. The matrix element of the 
Hamiltonian of crystal field potential in equation (3.13) using basis \NSJMj), is 
written in terms of s,^. (1=2,4) 
40 
1=2,4 
i 丄 （IM) 
=(-1 广+从(2J1+1)2 (2 J +1)2 S‘sA 从, 
r , J J I M J I 
From equations (3.3) and (3.13), the total rotational Hamiltonian of O2 in P-H2 
crystal is expressed 
H 二 + MoN'S + -S)N' + 鲁义树-5') (3 15) 
Using the coupled basis | NSJM�,), the diagonal and off-diagonal matrix 
elements of the above Hamiltonian can be determined, i.e. the sum of equation (3.4) 
and (3.14). 
l^N�S�J，M/\H\NSJMj� 
={B,N{N +1) + {N +1)2 + A) [J{J +1) — N{N +1 ) — S{S +1) ] + 
+ 1)[J( J +1) - +1) - + 人’似入人 
C , J j S] (3.16) 
+ 2 ( 昏 R 广.+‘S ( " I N I 叫 2 S TV卜人"A�” 
+ (— ：!)"+、’• (2 J1+1)^ {2J + \)^ � A " .X 
r / / J / ]{J I 
昨 ] K m , � - J 仏 , s 4 
Then the energy levels of O2 in solid p-Hz crystal are calculated by the 
diagonalization of the above Hamiltonian matrix using coupled basis \NSJMj). 
For example, to calculate the 9 energy levels with N=\, a 30x30 matrix is set up 
and then diagonalized since the N=\ levels only mix with the N=3 levels. The 
eigenvalues are the corresponding rovibrational energies. 
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3.2.3 Effect of quadrupolar induction 
While the values of s,^  (/=2,4) are not known because of unavailability of ab 
initio pair potential, it is possible to estimate the contribution of qudrupolar 
induction effect to s,^  using the classical polarization energy due to quadrupole of 
O2. It is known that the contributions of induction and dispersion are comparable in 
the case of H2 in the J=6 state.^^ 
《 ' = -宇導 {二卜微。。 , 3 / ;。。。 } .： ^ ,奇 ( 3.1 7 ) 
Using this equation, the value of s � ' c a n be determined from the first principle 
after the evaluation of polarizability a(H2) and quadrupole moment 2(02) from ab 
initio calculations. 
3.2.4 Pure vibrational transitions 
Transitions between rovibrational levels of O2 are dipole forbidden as 
expected from the symmetry of homonuclear diatomic molecules. Nevertheless, 
transitions due to quadrupolar mechanism have been observed and analyzed.45 For 
O2 embedded in solid H2, the quadrupole moment of O2 induces dipole moments 
on the surrounding H2 molecules. As discussed in Chapter 2, the dipole moments 
induced on the surrounding H2 molecules interact with the radiation field to cause 
the vibrational transitions of the central O2 molecule via its vibrational dependence. 
Using equation (2.13), the induced dipole between an O2-H2 pair can be written 
j f 
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The subscript v on the dipole moment indicates the spherical components of the 
dipole moment. The v=0 component gives rise to parallel transitions while the 
v=土 1 components give rise to perpendicular transitions. 
Assuming the surrounding H2 molecules are in the J=0 state, the second term 
in the above equation vanishes s i n c e � J = 0 C，" J = 0 � = 0 • Inserting equation 
(2.12) into the above equation, we then obtain the 2' multipole induced dipole 
moment expressed as 
/ 7. 1 
^ + + (3.18) 
\Zl + J J m 
The superscript k is used in the above equation to indicate the H2 molecule. 
Since the lowest rotational state of O2 is N=\, which is expected to have nonzero 
quadrupole moment, we therefore set 1=2 in equation (3.18) to obtain quadupole 
induced dipole moment expressed as 
从“二 4;R . . 仏 ; ^ C ( 2 1 3 ; M，V, M + V)^^. ( Q , )• ( Q , V K 0 . 1 9 ) 
V / m 
Similar to the crystal splitting, the overall induced dipole can be obtained by a 
lattice sum over all k. As usual, a rigid hep parahydrogen crystal is assumed. The 
dipole moment expressed with respect to crystal fixed frame is 
^^ = \4;r JTn .A. Q/R,' ] X C ( 2 13;M, V,M + V). r；,(Q,) • ^ X ^ Y (Q,) (3.20) 
匕 �m k ^k 
For hep crystals , the nonzero lattice sum requires that m+v must be a multiple 
of 3 (from C3) and 3+m+v has to be even (from cr^). As a result, m+v must be an 
odd multiple of 3 to satisfy both requirements. Together with m+v<3, the only 
nonzero lattice sum requires 
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4 (3.21) 
where S33 is defined as a lattice sum expressed below 
3^3 =冬丨(舍)4 sin^  Gk exp(3/A) = 8 . 
It is seen that the quadrupole induced dipole moments can only be 
perpendicular to the crystal c axis. The parallel component, on the other hand, 
vanishes after the lattice sum. Combining the two conditions in equation (3.21)， 
the qudrupole induced dipole moment is expressed 
"土,=[每 〜 . … 2 /对 ] C 2 ’ ; 2 ( Q , ) (3.22) 
Since S33 is a rapid convergent sum for a hep lattice ’ the summation is truncated 
after the shell as usual to give a value 2.2024. 
The transition dipole moment between final state \ v ' N ' S ' J ' M j ' ) and the 
initial state \vNSJMj) of O2 molecules due to quadrupole induced dipole (equation 
(3.22)) is given by 
where a = � v ’ = 0，《/’ = 0|a(;r;)|v = 0,«/= 0 � = 5.41；39 a.u. for H2 and the matrix 
element for O2 is separated into two parts 
lyN�S�rMi�Q.C”i vNSJM.) 
W \ (3.24) 
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The quadrupole matrix element which has no 
dependence on the projection quantum numbers Mj is known as the reduced matrix 
element. Detailed calculation of the quadrupole matrix elements is given in the 
next section. And the matrix e l e m e n t � N , S � J , M / C:;! NSJMj�can be further 
evaluated using the coupling of angular momentum by expressing 
NSJMj)= C{NSJ',M^M.Mj)|TVM^)\SMs). 
Then the matrix element {JRS�J�M/|NSJMJ�becomes 
(jrS，J�Mj�\C’”�\NSJMj� 
=(—1)她妨J (2J’+1)2{2J +1)2 (A^'IIQIIN) (3.25) 
f J 2 J , ) J J 2 J ' l 
It is seen that transitions are allowed only between states with 八 Mj = ± 2 . To 
simplify the algebra, we adopt the conditions N=N=\ and for the pure 
vibrational transitions of O2 molecules in the ^Z^ state at cryogenic temperature. 
For the fundamental band, we have v丨=1 and v=0. Applying these conditions, the 
matrix e l e m e n t s � N � S � J � M j are determined and listed in TABLE 
5. 
The integrated absorption coefficient d of the transition between initial state 
vNSJMj) and final state is theoretically related to the matrix 
element of the induced dipole moment by ^ ^ 
d = rjh)Y^YaPi i y N � S � J � K i � W N S J M j Y (3.26) 
Mj'MJ 
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TABLE 5 Matrix elements of angular part C�不2(^1) 
value 
(2,+2|q,2|2,0) -1/5 
(2,+1|Q . 2 |2,±I) -V6/10 
�2，0|C2,P|2，±2� -1/5 
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where is a Boltzman factor describing the population ratio of the initial state. In 
other words, the relative intensities of allowed rovibrational transitions can be 
determined by 
I ^ P , ' \ { V ' N ' S ' J ' M J ' \ F ^ \ V N S J M J ) \ ( 3 . 2 7 ) 
where p^ oc g.. exp(-£,. I kT). Here g, and 五,are the degeneracy and energy of the 
initial state. The relative intensity is then calculated using the rovibrational energy 
resulted from the theory in the previous section. 
3.2.5 Calculation of quadrupole matrix elements 
Quadrupole matrix elements are necessary to predict the intensities of 
transitions. For O2, the inversion symmetry requires that the multipole moment Qim 
must be of even I order. Due to the axial symmetry of the system, in addition, the 
nonzero component of multipole moments is oriented along the molecular fixed 
(x'y'z') frame, i.e. g'/o 
2;o=2>,� 'C,，炉’） (3.28) 
i 
where the charge coordinate n is expressed as ri=(r„ 6\ (p) in the molecular fixed 
(MF) frame. The quadrupole moment operator with 1=2 for a homonuclear 
diatomic molecule with atomic number Z reads 
八 ， ， 、 • “ 3 C O S 2 � - 1 ) 1 7 2 1 夺 门 2 2 � 
/ L A L ,=1 
where r is the intemuclear distance of the molecule, r, is the position of electron i 
relative to the MF frame, e is the electronic charge and Ne is the number of 
electrons. Here x' is used to present the coordinates of electrons. The contributions 
from nuclear and electrons are separated in the above equation. In the ground 
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electronic state, the expectation value of the adiabatic quadrupole moment with r 
dependence is given by 
aw=JK(广 O|2G;，。(々 )妃， 
where (x r) is the electronic wavefunction in the ground electronic state at 
fixed intemuclear distance r. The variation of Qjir) of with respect to 
intemuclear separation r can be ab initio c a l c u l a t e d . 5 4 data can then fitted to a 
quadratic function of quadrupole moment in the form '^^  
a � = a ( � + f 割华 ( 3 . 2 9 ) 
V Jopt V 似 Jopt ^ 
The parameters are reported in TABLE 6. The adiabatic values for the radial 
matrix elements of the quadrupole moments are then expressed by 
(v V I a (r) I vJ) = {r)u,j {r)dr (3.30) 
where Wvj denotes the radial part of the rovibrational wavefunction. 
The rovibrational wavefunctions are determined under the Bom-Oppenheimer 
approximation. The rovibrational energy levels and the corresponding radial 
wavefunctions u^j can be found by solving the one dimensional radial Schrodinger 
equation of a diatomic molecule.^^"^^ 
成 � = 五 力 r) (3.31) 
w i t h 应 二 • ^ + " � � + " , . » . 
Ifx dr 
jj, = /m^+m2 is the reduced mass of the two nuclei. U^ir) , which is 
obtained by solving the electronic wave equation at different r, represents the 
average potential energy (including the nuclei repulsion energy) due to the fast 
electronic motion. The last term U^^, (r) accounts for the centrifugal potential 
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TABLE 6 Parameters of quadrupole function of O2 molecule 
^'02 (unit) VK) o^eicm-') a(V)(拟。2) h ^ ( 似 。 ） ⑷ 
V ar J opt V 以尸 Jopt 
1 ^ 5 -0.2474 1.4738 -0.2160 
(Calculated by MRCI method, CISD wavefunctions, using the aug-cc-pvqz basis;*) 
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energy due to molecular rotation，corresponding to the energy shown in equation 
(3.32). It is separated into a pure rotational part and a correction part due to spin-
rotation and spin-spin couplings: 
警 E M ^ � (3.32) 
Ifir 
The electronic potential U^ {r) of O2 molecule we applied is a modified 
Morse potential function with five parameters referring to the literature,^^ 
U,{r) = D [ ( \ c x ' e - ' ' (1 + bx)] (3.33) 
.丄 ^e 「卜r� 
With X = r^  . 
D, Te, Q)e> and Be are spectroscopic constants given by Herzberg,"^^ and the 
parameters c, b are determined by the relations: 
, ^ , 7 Da,�, 
12 a, 
where ao, a\ and a2 are the Dunham coefficients. All the values of these parameters 
are reproduced in TABLE 7." It has been shown that equation (3.33) gives 
satisfactory results for light molecules. With the knowledge of the expressions of 
U似(r) and Uq ( r ) , the radial wavefimctions Uvj can be obtained by solving the 
one-dimensional Schrodinger equation (3.31) for r > 0 with an effective potential 
energy "说 equal to the sum of t / � ( r ) and (r) .56 By expanding the effective 
potential U^ g- into power series of r, the Hamiltonian in equation (3.31) can be 
defined as the sum of a harmonic term and the remaining anharmonic terms. The 
radial wavefunctions Uvj can be expanded using a complete set of basis functions 
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(reproduced from reference 57) 
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" » = 2>丄(0 (3.34) 
n 
广 Y" 
where ； � = - 7 = ^ . e x p [ - a ' ^ 丨机 
\\j7rZ nlj 
is the normalized eigenfiinction of harmonic oscillator.^^ H„(CCQ is Hermite 
polynomial . ^ is the displacement from equilibrium position re (i.e. r- r^), and 
a =如 q)q/h with cDq being the natural frequency of harmonic oscillator. 
Since the expansion coefficients c„ satisfy the set of equations 
(3.35) 
n 
with = \ x A „ d ^ . 
The eigenvalues Eyj and eigenvectors ihj can be obtained by solving secular 
equation 
= (3.36) 
Using the solutions of equation (3.36)，the adiabatic values for the radial matrix 
elements of the quadrupole moments Q2{r) can be calculated using equation (3.30). 
The calculated adiabatic quadrupole matrix elements are listed in TABLE 8. 
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TABLE 8 Adiabatic quadrupole matrix elements of O2 (7V-A^=1) 
“ �v’J’|2|vJ�(fl .w.) 
~Tl m -0.2404 
02 02 -0.2404 
11 11 -0.2133 
12 12 -0.2133 
11 01 -0.1019 
12 02 -0.1019 
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CHAPTER 4 
Results and Discussion 
The rovibrational spectrum of O2 impurity in solid parahydrogen due to the 
quadrupole-induced mechanism should be in principle composed of the Q-branch 
(AA/=0), S-branch (AN=2) and 0-branch (AA/=-2). However, all O2 molecuels are 
virtually populated at the N=\ levels at � 4 . 5 K. As a result, only Q and S branches 
will be possible. The Q branch (i.e. the pure vibrational transitions) is expected to 
have sharp linewidth because of the slow vibrational relaxation. On the other hand, 
as shown in the spectrum of solid H2, transitions with both vibrational and 
rotational exciations are much broader due to much faster rotational relaxation. In 
case of impurity transitions, the weak absorption signals may be washed by the 
broad linewidth. Therefore pure vibrational transitions are the most observable 
transitions in the fundamental band of O2 in solid parahydrogen. In this chapter, the 
results of applying the theoretical framework discussed in Chapters 2 and 3 to 
predict the pure vibrational spectrum (i.e. 7^=1—1) of O2 in parahydrogen matrix 




4.1.1 Effect of quadrupolar induction 
As shown in equation (3.17) , the polarization energy due to quadrupolar 
induction of O2 in solid H2 is 
2 r 1 「 ]8 
000)C(33/;000).X‘ f -
2 Rq I/21J k l^k _ 
Since only states with N=\ are considered for O2，the second term vanishes as 
� 7 / = 1IC4QIA^  = 1 � = 0 due to the triangular rule in angular momentum coupling. To 
determine ，the values of quadrupole moment Q and polarizability a are 
needed, in addition to the lattice sum. The polarizability of 7=0 p-H? molecule can 
be determined from the matrix e lement�v ' 二 0, J ’ = 0|a(r) |v = 0，J = 0�，which as 
a value of 5.4139 a.u. according to Kolos and Wolniewicz.^^ On the other hand, the 
theoretical values of quadrupole moment Q were determined in TABLE 8 as 
discussed in Section 3.2.5. The lattice sum for 20 shells of p-Hi was evaluated to 
be 1.8165x10-3. All the lattice sum of C20 and C40 terms related to the crystal field 
potential are calculated and listed in TABLE 9. T h e n � ‘ w a s determined to be -
3.07x10-5 cm] in the v=0 state and -2.42x10"^ cm'^ in the v=l state. In general, the 
very small Sj^  value is due to the accidental cancellation effects of the 
contributions from the first two shells in the lattice sum in the crystal of Dsn 
symmetry. As shown in TABLE 9, the lattice sums related to are much larger, 
which gives rise to a much greater value of s “ since the cancellation effect does 
not apply. 
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TABLE 9 Lattice sum of C20 and C40 terms (20 shells) 
n 6 8 10 
f p 
~ -7.3456x10-4 1.8165x10-^  1.2978xl0_3 
S f ^ l \ 1.0552 1.1067 
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The polarization energy due to quadrupole moment of O2 was then 
determined by the diagonal matrix element 
\ J J J � ^ 
TABLE 10 show the energy shift due to anisotropic quadrupolar induction for the 
nine symmetry-adapted states with N=\ and 5=1. It is seen that the polarization 
energy correction, which is negligible comparing to the energy correction due to 
spin-rotation and spin-spin couplings for the gaseous molecules, is too small to be 
observed in routine experiments. The effects of off-diagonal matrix elements are 
neglected in this calculation as they are expected to be even smaller. 
4.1.2 Crystal field splitting of rovibrational levels of O2 in p-Hi 
matrix 
As seen in the previous section, the effect of quadrupolar induction gives rise 
to very small change in rovibrational energy. The change is hardly observable 
using linear spectroscopy. The dispersion force due to induced dipole-induced 
dipole interaction is expected to have more significant contribution in the crystal 
field splitting since it has the R'^ dependence. Similar situation has been reported in 
the case of H2-H2 pa i r ? in which the effect of dispersion is far more important 
than that of induction for splitting terms with C20 dependence. On the other hand, 
both induction and dispersion have comparable contributions to the terms with C40 
dependence. 
We therefore calculate the crystal field splitting of the rovibrational levels of 
O2 in solid p-H� by diagonalization of the Hamiltonian matrix as discussed in 
Section 3.2.2. However, the parameters bn and Cn in O2-P-H2 pair potential are 
unavailable either theoretically or experimentally. Lacking the information on bn 
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TABLE 10 Energy shifts in the N=\ levels due to anisotropic quadrupolar 
induction (subscript g denotes gas phase) 
value v=0，AM，5M v=l^=l ,5 '=l 
/cm-i energy^ energy shift energy^ energy shift 
J=0，M尸0 0 0 0 0 
J=2Mj=0 -6.1X10-6 -4.8X10-6 
J=2,\MJ\=\ 2.0843 -3.1X10-6 2.0856 -2.4X10-6 
J=2,|M/|=2 6.1X10-6 4.8X10-6 
片洲=1 -3.1X10-6 -2.4X10-^  
3.9611 3.9707 
J=\MJ=0 6.1X10-6 4.8X10_6 
I I 
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and Cn makes it impossible to evaluate s^ ^ and s^ ^ , which are expected to be 
negative due to the attractive potential of long-range interaction. 
Practically, the breakdown of Dsn symmetry often occur due to imperfection 
of crystals. Empirically, the deviation from Dsh symmetry is expected to increase 
the value by around an order of magnitude as observed in most experimental 
studies. In the case of experimental observed W transitions of P-H2 crystal, s^ ^ is 
found to be about -0.03 cm"',^^ while the ab initio value is -0.0022 cm"'.^^ 
The gas phase constants in TABLE 2 for the spin-rotation coupling and spin-
spin coupling of O2 were used in our calculations. TABLE 11 lists the energy and 
the relative population of gas phase O2 at 4.5 K in the N=\ and N=3 states with v=0. 
Figure 5 shows the schematic energy pattern of gas phase O2. 
In addition to the splitting of different J levels (as a result of spin-rotation and 
spin-spin interaction), levels with different \MJ\ values are also split by the crystal 
field interactions. To estimate the effect of crystal field splitting, we therefore set 
empirical values for s^ ^ and s^ ^ . As discussed before，the diagonal and off-
diagonal matrix elements of the rotational Hamiltonian of O2 referring to equation 
(3.16) were calculated, followed by diagonalization of the matrix to give the final 
energy expression. We only considered the s^JZ^^ term in the crystal field 
potential at first, since it contributes to both diagonal and off-diagonal matrix 
elements for the N=\ states. In calculating the crystal field splitting in the v=0 state, 
an empirical value of - -0.03 cm"' for s^ ^ was used. While for v=l s t a t e , � / was 
obtained by scaling empirically the corresponding value in the ground state with 
the ratio of 2^(v=l)/g^(v=0). The results of corresponding energy levels (energy 
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TABLE 11 Energies and relative populations of gas phase O2 at 4.5 K in the iV=l 
and N=3 states with v=0 
energy/cm"' relative population 
N=3,J=3 18.3372 002 
N=3,J=4 16.3876 0.05 
N=3,J=2 16.2529 0.03 
7V=1,J=1 3.9611 0.85 
N=\J=2 2.0843 2.57 
N=\J=0 0 1.00 
7V=3 f： / = 3 
、、：:、、 4 
��� 2 
N = 2 




Figure 5 Schematic diagram of splitting pattern of gas phase O2 
60 
shifts in p-Eb crystal) and splitting pattern of O2 in solid P-H2 are shown in TABLE 
12 and Figure 6. Then the � Q � t e r m , which only contributes to the off-diagonal 
matrix elements for N=\ states, was taken into account. An empirical value of 
about -0.1 cm] for s^ ^ (from W transition of p-Hz^^) was applied here and s或�、丨 
was estimated by the ratio of g^(v=l)/2^(v=0) as before. The corresponding results 
of energy levels of O2 after considering the �C；。term are shown in TABLE 13. 
Comparing the energy levels before and after the consideration of the s^ JZ^^ term, 
given in TABLE 12 and TABLE 13 respectively, we found that the s^f^^ term 
has significant effect on the 7=2 levels only. 
The above calculated results of crystal field splitting illustrated the significant 
effect of the mixing of neighboring N levels on the calculation of accurate splitting 
energy levels for O2 in p-H� . For O2, unlike H2, the small rotational constant makes 
the effect of N mixing non-negligible. Both sjO�and s^fi,^ terms have 
considerable contributes to the splitting energy levels, however exact values of 
parameters s^ ^ and s^ ^ are yet to be accurately determined. 
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TABLE 12 Energy levels of O2 in solid p-Hi 
and � 7 � � e V = l ) / e \ v = 0 ) ) 
energy v=0,"=l,5M v=\,N=\,S=\ 
/cm'' gas phase shift gas phase shift 
J=OMJ=0 0 -0 .0001 0 - 0 . 0 0 0 0 ( 3 ) 
J=2,MJ=0 - 0 . 0 0 6 6 - 0 . 0 0 5 2 
J=2,\MJ\=\ 2 . 0 8 4 3 -0 .0033 2 . 0 8 5 6 - 0 . 0 0 2 6 
J=2,\MJ\=2 0 . 0 0 6 6 0 . 0 0 5 2 
J = l , | M j | = l - 0 . 0 0 3 0 - 0 . 0 0 2 3 
3 .9611 3 . 9 7 0 7 
J=\MJ=0 0 . 0 0 6 0 0 . 0 0 4 7 
I I 
\ M j \ 
/ ^ =1 � - 0 





N=1 (- J=2 � � - 1 






Figure 6 Schematic diagram of splitting pattern of O2 in N=\ state in solid P-H2 
62 
TABLE 13 Energy levels of O2 in solid p-H� 
( � = - 0 . W a n d � ’ / � � 
energy v=0,N=\,S=\ v=\J\f=\,S=l 
/cm-i gas phase shift。巧 gas phase shift 则 
J=OMJ=0 0 -0.0001 0 -0.0001 
J=2MJ=0 -0.0132 -0.0105 
J=2,\Mj\=l 2.0843 0.0010 2.0856 0.0009 
J=2，IM/I=2 0.0055 0.0043 
洲 = 1 -0.0030 -0.0024 
3.9611 3.9707 
J=l,Mj=0 0.0060 0.0047 
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4.1.3 Predicted pure vibrational spectrum 
According to the selection rules, there are four allowed pure vibrational 
transitions corresponding to ( J = 2 < - = 0 ^ ±2), ( J = 2 = ± 2 ^ 0 ) , 
{ J = 2 < ^ 2 , M j = + l < ~ ± l ) and ( J = =+1<~±1)，shown in Figure 7. 
Expressing in symmetry adapted states, transition probabilities are calculated. 
Together with population factor, the relative intensity of each transition is 
determined using 
/ o c p. M v ' N ' S ' J ' M j '\ju\vNSJMj)\^ w i t h p. CC g.-Qxp{-E. /KT). 
t a b l e 14 listed the relative intensity and frequency for the allowed transitions. 
The corresponding stick spectrum is shown in Figure 8. Since the transitions are 
separated by about 0.033 cm"^  overall. Only one absorption peak is expected in low 
resolution spectrum. The overall absorption coefficient d theoretically determined 
using equation (3.26) is about 3.22x10' 'W-s" ' . 
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\ M j \ 
7V=1 / = 1 � � „ 0 
� � - 1 
•^二2 — - - 、 二 1 1 
片 、、：二干二二 2 
\Mj\ 
N=1 /=1 0 ��� 1 
v=0 , , , 2 
J=2 ----v-'-——JL— J 
— ^ ~ ~ ^ I 
Figure 7 Allowed pure vibrational transitions of O2 in solid p-Hi 
TABLE 14 Relative intensity and frequency of pure vibrational transitions of O2 in 
solid -0.03cm-', ；= - O . l c m - � and � V � � 2 ^ 0 = 1 ) / 0 ^ (产 0 ) ) 
transitions J=2—2, •7=2—2， —1， J=2—2, 
(v=i<_o，;V=l—1) M尸04""•士2 M/=+l—士1 M 尸 土 1 M/=±2—0 
relative freq/cm" -0.0158 0 0.0091 0.0177 










-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 
relative frequency/cm"^ 
Figure 8 Stick spectrum of pure vibraitonal transitions of O2 in solid P-H2 
( � = - 0 . 0 3 c m - \ = - O . W and � V � � f (v=0)) 
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4.2 Discussion and Conclusion 
The infrared spectra of O2 in solid parahydrogen have been investigated using 
FTIR spectroscopy. In a spectrum at resolution of 0.2 cm\ only one transition was 
observed at 1551.8 cm] in a sample of 0.3% O2 in solid parahydrogen (purity 
99.95%). This frequency is close to the band origin of O2 fundamental at 1556.3 
cm-i. It is therefore assigned to the pure vibrational transition of O2, with a 
frequency shift of about 4.5 cm"^  from the gas phase value. 
The thickness of the sample was determined to be about 1.5 mm based on the 
integrated absorption intensity of Si(0)+So(0) double transition of p-Hz as 
suggested by Fajardo.^® The experimental integrated absorption coefficient of the 
O2 transition was calculated to be 6.37x10-'^ cm^.s-i，^^ich is in the same order of 
magnitude with the theoretical absorption coefficient d (3.22x10"^ W - s ' ' ) in case 
the four allowed transitions are not resolved. This observation suggests that our 
theoretical model is satisfactory in predicting the spectrum semi-quantitatively. 
A high resolution (0.008 crrfi) FTIR spectrum of (3000 ppm) in solid 
parahydrogen (purity of 99.95%) was later recorded. As shown in Figure 9. Two 
peaks with positions of 1551.752 cm] and 1551.789 cm'^  and linewidth of � 0 . 0 3 
cm-i are apparently observed. According to the predicted spectrum, four transitions 
are expected to be observed. However, these four transitions may not be 
completely resolved in experiments if the splitting is on the same order of the 
spectral linewidth. So only two peaks are apparently observed in the experimental 
spectra. The asymmetry of the experimental line shape suggests there may be more 
than two transitions buried in the absorption profile. Since the crystal field 





I 0.96- \ a 
I 0.94- / \ 1551.789 cm-' 
一 0.92- 1551.752 cnfi f / 
. W 
(b) 
1551.5 1551.6 1551.7 1551.8 1551.9 1552.0 1552.1 
frequency/cm"' 
Figure 9 High resolution FTIR spectrum of (3000 ppm) in 99.95% solid p-H?: 
(a) transmittance; (b) second-derivative of (a). 
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values of in both v=0 and v=l states in order to fit the observed spectrum using 
our model. Since s^ ^ and s^ ^ are theoretically unavailable, here we gave a 
reasonable trial by assuming Gaussian lineshape with width of 0.020 cm'^ s^ ^ and 
e^c to be -0.045 cm"^  and -0.1 cm"^  respectively at a temperature T=4.5 K. Once 
again we assumed � 7 � � e ^ ( v = l ) / 2 ^ ( v = 0 ) . In this tentative condition, the 
predicted absorption profile appears to resemble the observed spectrum as shown 
in Figure 10. The corresponding transition frequencies and rovibrational energies 
are listed in TABLE 15. Due to the uncertainty of experimental temperature (-0.5 
K), there might be some slight changes in the predicted transition intensities and 
the absorption profile. The resemblance of the profiles of the observed and 
predicted spectra suggests a qualitative agreement. 
It is difficult to obtain the parameters £2, and theoretically without the 
knowledge of ab initio intermolecular potential of O2-H2 pair. On the other hand, 
the experimental spectrum provides only very limited information since the 
observed peaks are only partially resolved. So parameters s^, and s或�cannot be 
determined from current experiment as usual by fitting from resolved transition 
frequencies. We have also tried to fit the observed absorption profile with four 
peaks based on the theoretical model. The results were not so satisfactory due to 
practical difficulties. Since there are four closely located peaks with their 
frequencies, intensities and linewidths as fitting parameters, together with the noise 
in the absorption profile, the convergence in the optimization is often not sharp 
enough to give a reliable set of peaks. The unresolved absorption profile is very 
likely due to the broad intrinsic linewidth of the transitions but not the limitation of 
instrumental resolution. The study of Raman spectrum may provide some 
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0.04-
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 
relative frequency/cm'^ 
Figure 10 Predicted spectrum with Gaussian lineshape of 0.020 cm"' FWHM 
(�=-0.045cm-\ � = - 0 . 1 c m - ' and � V s , � � f (v=l)/e"(v=0), T=4.5 K). 
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TABLE 15 Energy levels and corresponding pure vibrational transitions of O2 in 
solid P-H2 ( 一0.045cm-i，二-O-lcw—i 肌d 〜V〜〜0^(v=l)/!2\v=O), 
T=4.5 K) 
energy /cm" ^  
gas phase s h i f t g a s phase shift 
J=0,M/=0 0 -0.0001 0 -0.0001 
J=2,Mf=Q -0.0165 -0.0131 
J=2,\Mj\=l 2.0843 -0.0007 2.0856 -0.0005 
J=2,\MJ\=2 0.0088 0.0069 
片 洲 = 1 -0.0045 -0.0036 
3.9611 3.9707 
J=\Mj=0 0.0090 0.0071 
transitions J=2<—2, J = 2 ^ 2 , J = l — 1 , J=2—2， 
(v=l<_0,A^ =l<—1) M/=0<"~±2 土 1 M 尸土 1 Mj= 土2<~0 
relative freq/cm" ^ 0 0 2 ^ 0 0.0091 0.0232 
relative intensity 1.21 1.82 1.00 1.22 
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complementary information to solve the problem. However, the Raman study 
requires very high sensitivity that may not be easily achieved. 
In conclusion, the pure vibrational spectrum of O2 in solid P-H2 was predicted 
based on anisotropic intermolecular interactions. The crystal field splitting was 
determined in terms of crystal field parameters s^^�and s^ ^ whose values have yet 
to be determined because of the limitation in experiments and the unavailability of 
the ab initio pair potential for O2-H2. At this stage, only a tentative set of s ! � a n d 
Sic values are assumed to give a predicted spectrum resembling with the 
experimental one. It is of little doubt that our theory provides a semi-quantitative 
agreement with the experiments. More extensive theoretical and experimental 
studies are needed to sort out their discrepancy in the future. 
72 
Reference 
[1] V. Apkarian; E. Weitz Chem. Phys. Lett. 1980，76, 68. 
[2] A. Danilychev; V. Apkarian Chem. Phys. Lett. 1995, 246, 139. 
[3] A. Barnes Matrix isolation spectroscopy; D Reidel Pub Co, 1981. 
[4] T. Momose; H. Hoshina; M. Fushitani; H. Katsuki Vib. Spectrosc 2004，34, 95. 
[5] T. Momose; M. Miki; T. Wakabayashi; T. Shida; M. C. Chan; S. S. Lee; T. 
Oka J. Chem. Phys. 1997,107, 7707. 
[6] D. P. Weliky; K. E. Kerr; T. J. Byers; Y. Zhang; T. Momose; T. Oka J. Chem. 
Phys. 1996,705, 4461. 
[7] T. Momose; T. Shida Bull. Chem. Soc. Jpn. 1998，77, 1. 
[8] M. Fajardo; S. Tarn; M. DeRose J. Mol Struct. 2004，695, 111. 
[9] S. Tarn; M. Fajardo; H. Katsuki; H. Hoshina; T. Wakabayashi; T. Momose J. 
Chem. Phys. 1999，/"，4191. 
[10] T. Momose; M. Uchida; N. Sogoshi; M. Miki; S. Masuda; T. Shida Chem. 
Phys. Lett. 1995，246, 583. 
[11] M. Fushitani; N. Sogoshi; T. Wakabayashi; T. Momose; T. Shida J. Chem. 
Phys. 1998，109, 6346. 
[12] E. J. Allin; W. F. J. Hare; R. E. MacDonald Phys. Rev. 1955’ 98, 554. 
[13] M. Okumura; M.-C. Chan; T. Oka Phys. Rev. Lett. 1989, 62’ 32. 
[14] D. T. Anderson; R. J. Hinde; S. Tarn; M. E. Fajardo J. Chem. Phys. 2002，116’ 
594. 
[15] M. E. Fajardo; C. M. Lindsay J. Chem. Phys. 2008，128. 
[16] M. E. Fajardo; C. M. Lindsay; T. Momose J. Chem. Phys. 2009，130. 
[17] R. J. Hinde; D. T. Anderson; S. Tarn; M. E. Fajardo Chem. Phys. Lett. 2002, 
356, 355. 
[18] Y. Song M.Phil, The Chinese University of Hong Kong, 2006. 
[19] P. R. Bunker Molecular Symmetry and Spectroscopy, ACADEMIC PRESS: 
New York，1979. 
[20] H. Longuet-Higgins Mol. Phys. 1963, 445. 
[21] J. Hougen J. Chem. Phys. 1962，57, 1433. 
73 
[22] M. C. Chan Ph.D, University of Chicago, 1991. 
[23] 1. F. Silvera Rev. Mod. Phys. 1980，52, 393. 
[24] H. Gush; E. Allin; H. Welsh; W. Hare Can. J. Phys. 1960，38,176. 
[25] M. Chan; S. Lee; M. Okumura; T. Oka J. Chem. Phys. 1991，95, 88. 
[26] T. Oka Amu. Rev, Phys. Chem. 1993, 44，299. 
[27] C. Gray Can. J. Phys. 1976，54’ 505. 
[28] G. Karl; J. Poll J. Chem. Phys. 1967’ 46, 2944. 
[29] A. Mishra; T. Balasubramanian Mol Phys. 1997, 90, 895. 
[30] J. Van Kranendonk Solid Hydrogen, Theory of the Properties of Solid H2, HD, 
and D2; Plenum Press: New York, 1983. 
[31] W. Kolos; L. WolniewiczJ. Chem. Phys 1967，46. 
[32] F. Mulder; A. Van der Avoird; P. Wormer Mol Phys. 1979, 37, 159. 
[33] J. Van Kranendonk; R. B. Bird Phys. Rev. 1951, 82, 964. 
[34] J. Van Kranendonk Physica 1959，25, 1080. 
[35] J. Van Kranendonk Can. J. Phys. 1960, 38. 
[36] J. Van Kranendonk; G. Karl Rev. Mod. Phys. 1968, 40, 531. 
[37] J. D. Jackson Classical Electrodynamics; 2nd ed.; Wiley: New York, 1975. 
[38] S. Luryi; J. Kranendonk Can. J. Phys. 1979, 57, 933. 
[39] M.-C. Chan; M. Okumura; C. M. Gabrys; L ,W. Xu; B. D. Rehflxss; T. Oka 
Phys. Rev. Lett. 1991，66, 2060. 
[40] M. H. Hebb Phys. Rev. 1936, 49, 610. 
[41] M. Mizushima; R. M. Hill Phys. Rev. 1954，93, 745. 
[42] R. Schlapp Phys. Rev. 1937, 51, 342. 
[43] M. Tinkham; M. W. P. Strandberg Phys. Rev. 1955, 97, 937. 
[44] L. S. Rothman^pp/. Opt. 1981，20’ 791. 
[45] L. S. Rothman; A. Goldman ^pp/. Opt. 1981, 20, 2182. 
[46] W. Steinbach; W. Gordy Phys. Rev. A 1975, 77, 729. 
[47] G. Herzberg Spectra of Diatomic Molecules', 2nd ed.; D. Van Nostrand 
Company: Princeton, New Jersey, 1950. 
[48] A. R. Edmonds Angular Momentum in Quantum Mechanics', 2nd ed.; 
Princeton University Press: Princeton, New Jersey, 1968. 
[49] D. M. Brink; G. R. Satchler Angular Momentum; 2nd ed.; Oxford University 
Press: London, 1968. 
74 
[50] W. Steinbach; W. Gordy Phys. Rev, A 1973，8, 1753. 
[51] R. E. Miller; J. C. Decius J. Chem. Phys. 1973，59, 4871. 
[52] M. C. Chan; L. W. Xu; C. M. Gabrys; T. Oka J. Chem. Phys. 1991, 95, 9404. 
[53] T. Balasubramanian; R. D'souza; R. D'Cunha; K. Rao Can. J. Phys. 1989, (57， 
79. 
[54] D. Lawson; J. Harrison J. Phys. Chem. A 1997，707,4781. 
[55] I. N. Levine Molecular Spectroscopy, Wiley: New York，1975. 
[56] J. Cooley Math. Comput. 1961’ 15, 363. 
[57] H. Hulburt; J. Hirschfelder J. Chem. Phys. 1941，9, 61. 
[58] L. D. Landau; E. M. Lifshitz Quantum Mechanics: Non-Relativistic Theory� 
3rd ed.; Pergamon: New York, 1977. 
[59] M. C. Chan; Y. Song; L. Yan Chem. Phys. Lett. 2009, 468, 166. 
[60] M. Fajardo; S. Tarn J. Chem. Phys. 1998,108, 4237. 
75 
, ‘, • 
‘ ‘ , 
： 
. � v : . : i 誦 
—rh ' � i ^ ^ H ^ B 
, : � _ 
I CUHK L i b r a r i e s ' ^ ^ 
